MaterIals and Methods

Apparatus
For analysis of manganese, we used a flameless atomic absorption spectrophotometer with a graphite furnace (AA-646; Shimadzu Co., Ltd 
Reagents
For isolation of lymphocytes, we used a routine densityseparation medium (Lympholyte-M#{174}; Cedarlane Laboratories Ltd., Ontario, Canada). HNO3, 13 mol/L, and HC1O4, 9 mol/L (specially prepared reagent grade), and heparin, sodium salt (guaranteed reagent grade), were purchased from Nacalai Tesque Inc. (Kyoto, Japan). Physiological saline was purchased from Otsuka Pharmaceuticals Co., Ltd. (Tokyo, Japan); these reagents were found to be free from manganese. MnCl2 4HO (guaranteed reagent grade) was purchased from Wako Pure Chemical Industries, Ltd., Tokyo, Japan.
Standards were prepared by dilution of a 1000 pg/mL reference solution, a certified atomic absorption standard (Nacalai Tesque Inc.).
Procedures
Animal studies. Sprague-Dawley rats (Charles River Japan Inc., Kanagawa, Japan) were used in this study. Four-week-old female rats were assigned to each of the following two dietary groups: a purified diet containing either no manganese (manganese-free diet) or 50 zg of Mn per gram of diet (normal diet) (see Table 1 ). Diet and distilled water were provided ad lib. At age 12 weeks, the female rats were mated with 13-week-old males fed a commercial diet ("MF"; Oriental Yeast Co., Ltd., Tokyo, Japan). During pregnancy and lactation, the mother rats were fed the same experimental diet as before pregnancy. After weaning, the Mn-deficient and the normal male offsprings were fed the manganese-free diet and normal diet, respectively, during the rest of the experimental period.
At nine weeks of age, these offspring were divided into four groups of six animals each. Group N (normal rats) and group MO (manganese-deficient rats) were injected with physiological saline (NaCl 9.0 g/L) once a day for one week. Group Ml and M1O of the manganese-deficient rats were injected with manganese at 66 and 660 pg/kg body weight, respectively, in the form of MnCl2 -4H20 in physiological saline, once a day for one week. The solutions were injected intravenously (4.0 mlJkg) over a 2-mm period through the tail vein. Twenty-four hours after the last injection, the rats were anesthetized with sodium pentobarbital.
Blood was collected from the aorta abdominalis into a polyethylene syringe containing sodium heparin as anticoagulant (final concentration:
15 mt.units/mL of blood), and the rats were killed. Then, striatum, testis, and tibia were removed, and weighed.
Isolation of lymphocytes.
We separated lymphocytes from 5 mL of whole blood from each rat, using Lympholyte-M, as follows. Gently mix 5 mL of whole blood with an equal volume of physiological saline by inversion. Add 10 mL of lympholyte-M to a 50-mL polypropylene tube. Using a polyethylene Pasteur pipette, carefully layer 10 mL of the diluted blood over the Lympholyte-M. Centrifuge at 500 x g for 20 mm at 20#{176}C. Very carefi.illy discard the supernatant fluid above the lymphocyte layer, using a polyethylene Pasteur pipette. Then, carefully collect the lymphocyte layer with a polyethylene Pasteur pipette and transfer to a 10-mL polypropylene tube. Add 5 mL of physiological saline, centrifuge at 400 x g for 10 mm at 4 #{176}C to pellet the lymphocytes, and discard the supernate. Then wash three times in physiological saline before processing. Finally, suspend the lymphocyte pellet in 1.1 mL of physiological saline, then transfer exactly 1 mL of lymphocyte suspension to a 1.5-mL polypropylene tube. We then recorded the lymphocyte numbers per microliter of lymphocyte suspension, using an automated blood-cell counter. Centrifuge at 400 x g for 6 miii at 4#{176}C and discard the supernate. One gram of whole blood was transferred into the 20-mL glass tube, then digested by adding 3 mL of 13 moIJL HNO3 and placing each tube in a heating-block at 85 #{176}C for 28 h. Then we measured the volume of solution. The manganese concentration was determined by flameless atomic absorption spectrophotometry as described above. Whole tissues (striatum, testis, or tibia) were placed in the 20-mL glass tube and digested in 13 mol/L HNO3 (striatum, 2 mL; testis, 5 mL; tibia, 5 mL) at 85 #{176}C for 24 h, followed by addition of 9 molIL HC1O4 (striatum, 0.4 mL; testis, 1 mL; tibia, 1 mL) and heating at 120 #{176}C for 4 h, with a heating-block. Then we measured the volume of solution. Manganese concentrations were determined in a flame atomic absorption spectrophotometer, with the following instrumental conditions: wavelength, 279.5 nm; slit width, 0.4 nm; and gas flow rate (acetylene), 1.9 L/min. In the analysis, a linear calibration curve was obtained over the following range of concentrations: 0,0.10,0.25,0.5, 1.0, and 2.0 mg/L.
Manganese concentrations in whole blood and tissues were calculated by the following formula: [Mn in digested whole blood or tissues (pg/mL) x vol. of digested whole blood or tissues (mL)I/mass of whole blood or tissues (g).
Statistics.
The data were expressed as the mean ± SE and analyzed statistically by analysis of variance, followed by Bonferroni's test (9) for individual differences. A value of P <0.05 was considered significant.
Results
At the start of the study, the body weights of the rats in groups MO, Ml, and M10 were lower than those in group N ( Table 2) . At the end of the study, the weights of these three groups had increased but remained less than that of group N ( Table 2) .
The manganese concentration in lymphocytes was significantly decreased in the group MO, increased in the group Mb, but not significantly changed in the group Ml, as compared with that in group N (Figure 1) . In whole blood, the manganese concentration tended to decrease in group MO, was significantly increased in group Mb, but not significantly different in group Ml, as compared with group N. In striatum, testis, and tibia tissues, manganese concentrations were significantly less in group MO than in group N. These low values were increased, in a dosedependent manner, in groups Ml and Mb.
DIscussion
Manganese is an essential trace element, with many biological functions (10) (11) (12) , so a clear knowledge of the nutritional status of manganese is important.
The simplest and most commonly used method for assessing the nutritional status of manganese during TPN is to measure manganese in plasma or serum, but these values may not always reflect the nutritional status of manganese. Injected manganese is cleared from the blood within minutes (13, 14), so manganese concentration measured in blood may 16, 17) , we decided to explore whether the manganese concentration in lymphocytes might accurately reflect variations in the manganese nutritional status. Here, we have shown that manganese was decreased in the lymphocytes as well as in the tissues of manganesedeficient rats, and that this low value was increased, in a dose-dependent fashion, in lymphocytes as well as in tissues by injection of manganese. Keen et al. (18) reported that the manganese concentration in whole blood reflects the manganese status of tissue. But our study shows that the manganese status of tissue is much better reflected by lymphocytes than by whole blood. Therefore we suggest that manganese concentrations in lymphocytes instead of whole blood should be used for assessing the manganese nutritional status. Further studies in humans are necessary to confirm this.
